The asymptotic behaviors of nucleon-antinucleon scattering and n°-photoproduction off a proton are calculated in perturbative ladder models whose sides are both spinor lines. Spins of the particles are treated correctly. Non-integer fixed branch points of the square-root type in complex angular momentum plane are found to dominate the amplitudes when s goes to minus infinity with t fixed. This disproves the previous conjecture that the right signature fixed pole at J=O may dominate the n°-photoproduction amplitude in the spinor ladder model, and seems to make the fixed pole unsatisfactory in explaining the experimental behavior
The nature of singularities in complex angular momentum plane and the high energy behavior in the crossed channel of scattering amplitudes have attracted great attention.
The solution of the Bethe-Salpeter equation for scalar particles in the ladder approximation has been shown to be 1neromorphic in complex angular momentum half-plane. 1 ) ' 2 )
The perturbative calculation of elastic scattering amplitudes at high energies has reproduced the Regge pole behavior. 3 ) In these field theoretical models, however, only the scalar particles have mostly been dealt with, and little attention is added to the inclusion of. particles with spin. 4 
)-G)
The main purpose of the present paper is to investigate the high energy behavior of ladder graphs involving particles with spin "} .by perturbation theory and to apply the results to neutral pion photoproduction amplitudes. Special attention is paid to the case where both sides of the ladder consist of spmor lines. Summing up the leading terms of iadder graphs when s goes to minus infinity, we obtain fixed Regge-cut behavior in contrast to the case of scalar particles only. Pairs of fixed branch points of the square-root type at non-integer points in complex angular momentum plane are found instead of moving poles.
It has been argued 7 ) that a right signature fixed pole in complex angular momentum plane at J = 0 in pion photoproduction amplitude could explain the experimental result 8 ) • 9 ) id(J / dt =constant.
we consider the exchange of an elementary pion in t-channel. 10 ) On the contrary, this type of the fixed pole does not appear in neutral pion photoproduction amplitudes. Dosch has conjectured that if we were able to calculate the high energy behavior of the ladder graphs with proton lines on both sides as shown in Figs. 5 and 6, a right signature fixed pole at J = 0 in complex angular momentum plane might occur in neutral pion photoproduction amplitudes.
)
Our calculation in § 3 shows that summation of leading terms in asymptotic limit leads to pairs of fixed branch points at non-integer points instead of the right signature fixed pole. This disproves the theoretical argument for the right signature fixed pole in neutral pion photoproduction amplitudes. It is natural to expect the common origin of the scaling behavior (1·1) between charged and neutral pion photoproduction processes. The above result seems to make the right signature fixed pole unsatisfactory in explaining the scaling behavior (1·1).
We treat the nucleon-antinucleon scattering amplitudes in § 2 to illustrate the technique of spinor ladder models in perturbation theory. Neutral pion photoproduction amplitudes are dealt with in § 3. Further discussions are found m § 4. Some of the technical details to extract leading asymptotic behavior of spinor ladder-graphs are descdbed in the Appendix. § 2. Nucleon-antinucleon elastic scattering
First we calculate the asymptotic behavior of nucleon-antinucleon elastic scattering to find the characteristic features of spinor ladder graphs. The Lagrangian density is taken to be where Here ¢ is a spin or field of mass m (we call it nucleon), ¢ is a neutral pseudoscalar field of mass /f. (we call it pion), and G is the strong interaction coupling constant. We take here a convention that G is real and positive. We will also treat scalar coupling at the end of this section.
Kinematics are shown in Fig. 1 . Fourmomenta of the initial nucleon and antinucleon are denoted by P1 and q 1 respectively, while those of the final nucleon and antinucleon are denoted by P2 and q 2 • We define 
We consider nucleon-antinucleon elastic scattering in ladder approximation, and take the Feynman graphs as in Fig. 2 . The expression of the Feynman amplitude of the n-th order graph is obtained by the fake-momentum method, 13 ) which IS exhibited in the Appendix.
The leading asymptotic behavior of the n-th order ladder graph, when s goes to minus infinity with t fixed, comes from the scalings of all the boxes and the contraction of all the rungs. 
and dt; is the symbol to denote the integrations of Feynman parameters. The procedure to extract the leading asymptotic behavior is briefly mentioned in the Appendix.
The asymptotic behavior of expression (2 · 7) can be easily evaluated by introducing the Mellin transform :
Rightmost singularity in the complex plane of the Mellin transform variable a determines the asymptotic behavior of the amplitude when s goes to minus infinity through the inverse Mellin transformation formula:
where the contour C is parallel to the imaginary axis. The rightmost singularity is found to be the same as in the case of the truss-bridge graph of Bjorken and
Tensor M'<n) is easily calculated by means of recursion relations, Summing up ladder graphs, we obtain the Mellin transform of the amplitudes:
where
Pairs of fixed branch points in the Mellin plane are obtained, which correspond to fixed branch points in complex angular momentum plane.**) The asymptotic *) The factor (2n -1) !l/ (n + 1)! is essential to obtain the Regge-cut, and this point was missed in our previous preprint UT-66 (1970).
**> The rightmost singularity in the Mellin plane at a=-1+G/y'2rr corresponds to the rightmost singularity at J = -1 + G I -yl2 rr in the complex angular momentum plane, whereas the singularity at a= -1 + G /2rr corresponds to the rightmost singularity at J = G /2rc in complete agreement with Ref. 4 ). This follows from the kinematical relation between t-channel helicity amplitudes ft and the invariant amplitudes Fi when s is large ; 1 5) when s goes to minus infinity:
We can also calculate the asymptotic behavior of the amplitudes in the case of scalar interaction. For scalar interaction, we replace in the interaction Lagrangian ir5->1.
This IS found to be equivalent to the change of invariant amplitudes:
We consider photoproduction of a neutral pion off a proton near forward direction. Kinematics are shown in Fig. 3 . where A.u represents electromagnetic field.
I
We must pay special attention to deal with a gauge invariant set of Feynman graphs in order to assure gauge invariance condition when we treat the electromagnetic processes. First we draw a graph of hadron interactions, make photon couple to a .charged line, and then take all the graphs into account resulting from the photon coupling to each line. An example of a gauge invariant set is shown in Fig. 4 .
The observed scaling behavior (1·1) in pion photoproduction could be easily explained by a right signature fixed pole at J = 0 in complex angular momentum plane. Because of the crossing behavior of the CGLN amplitudes, only the Camplitude can contain the right signature fixed pole at J = 0 which corresponds to the asymptotic behavior (-s)-1 as s goes to minus infinity.
)
The gauge invariant set containing the box diagram which is shown in Fig. 4 We calculate the n-th order ladder graph shown in Fig. 5 , together with the gauge invariant set associated with it which includes such as the crossed ladder graph in Fig. 6 and other graphs in Fig. 7 . The leading contribution to the asymptotic behavior when s goes to minus infinity with t fixed comes from the ladder graphs of the type shown in Figs. 5 and 6. Other graphs contains only lower order terms.
The analysis goes through quite analogously to the case of nucleon-antinucleon scattering in § 2. The leading singularity in Mellin transform plane comes from *) Actually they have assumed that the strong interaction between protons is mediated by a scalar meson. However this assumption is irrelevant to the existence of the fixed pole. We assume the strong interaction Lagrangian (2 · 3) in the following. the scalings of all the boxes except the end one attached by the photon line and the contraction of all the rungs, but this contributes only to the D-amplitude:
(3 ·6a)
where J5<n) (a) is the Mellin transform of the contribution to the D-amplitude from the n-th order ladder graph in Fig. 5 . Summing up the ladder graphs, we obtain the Mellin transform:
and correspondingly the asymptotic behavior of the D-amplitude for the ladder graphs in Fig. 5 . We have to add the contribution from the crossed ladder graph in Fig. 6 . It is found that the contribution is simply the same as (3 · 8) except that -s is replaced by -u. All the other graphs are of lower order. The C-amplitude is the most interesting one, because it is the only candidate that can contain the right signature fixed pole at J = 0 in complex angular momentum plane. The leading singularity in Mellin plane comes from the scalings of all the boxes except the end one attached by the photon line (an-1, /3n, an, r n) and the contraction of all the rungs except the end spinor line (an): 
and f(a, x) is defined in (2 ·12c). The inverse Mellin transform is explicitly calculated to be 17 >
where I1 and J1 are the Bessel functions. The asymptotic behavior when s goes to minus infinity with t fixed is found to be
In expression (3 ·10), the term (s~u) comes from the crossed ladder graphs in Fig. 6 . The asymptotic behavior of the C-amplitude is dominated by the fixed branch point at a= -1 + Gj (2n) in Mellin plane. This corresponds to the fixed branch point in complex angular momentum plane at J=G/(2n), and the possible right signature fixed pole at J = 0 cannot dominate the amplitude even if it exists.
Other invariant amplitudes A and B only receive contributions from the singularities lower than (3 · 9), and we do not discuss these in detail. § 4.
Conclusions and discussion
We have calculated in previous sections spinor-spinor ladder graphs whose sides are both spinor lines as in Figs. 2, 5 and 6. Their asymptotic behavior, when s goes to infinity with t fixed, was found to be characterized by noninteger fixed branch points in J-plane. This behavior is different from the Regge pole behavior of the scalar-spinor case in Ref. 6 ) or scalar case.
3 )
The origin of the behavior comes from the singular nature of the spinor propagators. It corresponds to the singular kernel of the spinor-spinor Bethe-Salpeter equation.
On the other hand, the ·scaling behavior (1·1) is a common characteristic feature between charged and neutral pion photoproduction processes. 8 ) Therefore we think it more reasonable to assume usual moving Regge poles (or possibly cuts) rather than fixed poles to describe pion photoproduction processes, and the scaling behavior (1·1) is thought to be approximately valid only within the region of presently available energy and momentum transfer values.
Finally we comment another reason to favor the Regge pole description rather than the fixed poles. Recently a new measurement of the cross section for the reaction rP-')rc+n from the polarized proton target has shown a large asymmetry between two states of the polarization of the initial proton normal to the plane of scattering. 18 ) The asymmetry was quite large and the shift of maximum apparently occured. These characteristic features are described fairly well by a simple Regge pole model with a conspiratorial pion, whereas the fixed pole picture seems to fail in reproducing the asymmetry. 19 )
ao: the denominator and numerator functions3) for the graph in Fig. 8 .
If we operate the derivatives with respect to the fake-momenta to D(a, a'), we obtain various products of external momenta and functions of F eynman parameters. We find that the terms proportional to s are always multiplied by (a 0 • ··an) and at least one more ai, so that these terms contribute no leading term when s goes to minus infinity. Note that the coefficient of (-s) in the denominator function D is just (a 0 • ··an) and the term (a 0~ ··an) in the integrand of (A ·1) effectively shifts the sigularity to the left in one unit in Mellin transform plane (see (2 · 9)).
The dominant term of the n-th order ladder graph in Fig. 2 is found to be (2 · 7). It is very difficult to obtain the coefficient of the leading singularity by the method of counting the number of independent scalings ·and contractions. Fortunately, we can reduce the Feynman integral (2 · 7) to the case of the trussbridge graph, Fig. 9 , which has been studied by Bjorken and Wu.
14 )
The Feynman integral of the truss-bridge graph Mtruss is divided and multiplied by the missing propagators in Fig. 10 in order to obtain the C and D functions of the ladder graph, and is evaluated to be where {3/ and bi are the Feynman parameters and fake-momenta of the missing propagators as is shown in Fig. 10 . The leading asymptotic behavior is found to be the same as (2 · 7) apart from the coupling constant and numerical factors. On the other hand, the leading asymptotic behavior of the truss-bridge graph has been obtained in Ref. 14) , and we can obtain (2 ·12).
